H 2 He electronic Hamiltonian and quantum chemistry calculations
The standard non-relativistic expression for molecular Hamiltonians can be found in various quantum chemistry textbooks. Specifically, the electronic Hamiltonian for H 2 He is
where the fist term is the total kinetic energy of all the four electrons; the second term is the Coulomb repulsion between pairs of electrons; the third term is the Coulomb attraction between the electrons and the nuclei; the last term is the Coulomb repulsion between pairs of nuclei. By convention of many standard quantum chemistry programs, the nuclear Coulomb repulsion is added to the electronic Hamiltonian. The molecular configuration reported in Ref. 39 is adopted. The details of nuclear coordinates are
where R H−H is the H-H bond length and R H 2 −He is the distance between the He atom and the center of mass of H 2 . We use the cc-pVTZ basis set 22 for all the calculations.
For the first step we get the 84 Hartree-Fock molecular orbitals {φ k } (including spin) using
Molpro. 12 Then we use the corresponding Slater determinants as our many-electron basis functions
The direct expansion to the four-electron Hilbert space with all the basis functions {|Ψ I } reaches the dimension of To check the quality of the calculated energies, we need certain reference ones. Accordingly we calculated the reference energies at the state-averaged CASSCF(4,18)/cc-pVTZ level of theory using Molpro. 12 This means all the electrons are included in the active space. The selected active orbitals are the lowest 11 orbitals with symmetry A 1 , 3 lowest orbitals with symmetry B 1 (or B 2 ) and the lowest orbital with symmetry A 2 . By convention the orbitals here do not contain spin. 
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